Foamy viruses are members of the subfamily *Spumaretrovirinae* within the family *Retroviridae* characterized by unique features of their replication strategy and molecular biology \[[@r18]\]. They are commonly found in primates, cats, horses, and cattle \[[@r6], [@r10], [@r24], [@r28], [@r30]\]. Bovine foamy virus (BFV) was first isolated from clinically normal cattle in 1969 and is present in a high percentage of livestock cattle in various parts of the world \[[@r1],[@r2],[@r3], [@r13],[@r14],[@r15], [@r21], [@r32]\]. It was initially presumed that BFV might be related to bovine lymphosarcoma, but the results of additional studies have not supported this hypothesis and the pathogenicity of BFV is unclear \[[@r4], [@r22]\]. Although foamy viruses are considered nonpathogenic, infection by these viruses may be associated with transient health abnormalities resulting from persistent infection and integration of viral DNA into the host genome \[[@r7], [@r19]\]. To date, BFV has not been isolated in Japan. Recently, we conducted an epidemiological survey on a farm in Kanagawa prefecture in Japan to identify cattle persistently infected with bovine viral diarrhea virus. A syncytium-forming virus was successfully isolated from peripheral blood leukocytes (PBLs) of clinically healthy cattle. Because the isolate appeared to be distinct from other syncytium-forming viruses previously isolated in Japan (*e.g.*, bovine respiratory syncytial virus, bovine parainfluenza virus 3, bovine herpesvirus 1, bovine leukemia virus and bovine immunodeficiency virus), we attempted to identify the isolate and confirmed the first isolation of BFV in Japan.

MATERIALS AND METHODS {#s1}
=====================

Blood samples and virus isolation
---------------------------------

Fifty-seven cattle, 6 sheep, and 12 goats reared on a farm in the Kanto district of Japan were used in this study. Blood was collected from the tail vein of the cattle and from the jugular vein of the sheep and goats. Plain tubes were used for serum collection and EDTA-containing tubes were used to obtain PBLs. After lysis of erythrocytes by mixing with two volumes of 0.83% NH~4~Cl solution containing 0.01% EDTA, PBLs were separated from blood and washed three times in PBS with centrifugation at 1,000 rpm for 10 min. PBL concentration was adjusted to 1 × 10^7^/m*l* and used for polymerase chain reaction (PCR) and virus isolation. One m*l* of PBL suspension (1 × 10^7^ cells) was co-cultured with 1 m*l* of fetal bovine muscle (FBM) cells (1.5 × 10^5^ cells) in 6-well plates for virus isolation. After 48 hr, the infected cells were washed with Eagle's minimal essential medium (Eagle's MEM) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) and fresh medium was added. The cells were cultured for a minimum of seven days. If a cytopathic effect (CPE) was not observed, blind passage was carried out using two methods: (i) subculture of infected cells by trypsinization, and (ii) inoculating uninfected cells with the culture medium. The passaging was performed twice.

Cell culture
------------

FBM cell cultures were prepared by standard tissue-culture methods \[[@r25]\], and used within 20 passages for virus isolation and viral antigen preparation. Madin--Darby bovine kidney (MDBK) cells were employed for viral antigen preparation of the isolated virus for agarose gel immunodiffusion (AGID) tests. FBM cells were cultured at 37°C in Eagle's MEM containing 10% fetal calf serum (FCS), and MDBK cells were cultured under similar conditions in Eagle's MEM containing 5% FCS and 0.3% tryptose phosphate broth. To observe syncytium formation, the cells were fixed with methanol when CPE was observed and stained with Giemsa. Uninfected FBM cells were used as a negative control.

Serological assays
------------------

A total of 57 serum samples collected from farm-reared cattle were initially used to conduct the seroprevalence survey against the BFV isolate, and subsequently, sera from sheep and goats were included as well.

BFV-infected MDBK cells were used as antigens for the AGID tests. Infected cells were detached from the culture bottle using a rubber policeman when CPE had appeared in about 75% of cells, collected in a centrifugation bottle, and washed three times in PBS with centrifugation at 2,500 rpm for 10 min. Cells were resuspended in a small volume of PBS containing 0.1% triton X-100 (approximately 1/100 volume of original cell suspension culture fluid), sonicated, and used as the antigen for AGID tests.

AGID tests were performed according to the methods described by Malmquist *et al.* \[[@r22]\] and Kono *et al.* for bovine leukemia virus \[[@r17]\] with minor modifications. The wells were 5 mm in diameter, and six circumferential wells were placed at a distance of 3 mm from the central well. The central well was filled with the antigen and two side wells were filled with positive control serum. The other four wells were filled with undiluted test serum samples. The gel diffusion plate was incubated at room temperature for 2 days and precipitation lines were observed. Samples were regarded as positive when a precipitation line was formed and continuously joined with the positive control line formed between the antigen well and the positive control serum well. If a precipitation line was not formed but the control line curved marginally toward the inside of the test serum well, the sample was regarded as weakly positive. A positive control antiserum for the AGID assay was identified among serum samples collected from cattle on the farm. It yielded a single dense precipitation line that was specific for the BFV isolate, as demonstrated by an identical AGID reaction observed using a post serum from a rabbit 30 days after experimental infection with the virus.

Positive control sera
---------------------

Because rabbits are sensitive to a simian foamy virus \[[@r12]\], we first attempted to prepare positive control sera by infecting a rabbit. RK13 cells, originating from rabbit kidney, were inoculated with the isolated virus and using this for immunization. A rabbit was intramuscularly inoculated with 1 × 10^7^ virus-infected RK13 cells three times at 10-day intervals. Serum taken 10 days after the final immunization formed a precipitation line in the AGID test, but the line was not clear enough to be used as a positive control. Therefore, a positive control antiserum for the AGID tests was selected among serum samples collected from cattle on the farm, tested to ensure specificity for BFV. The bovine serum formed a single dense precipitation line that connected with the line formed with the post serum of the immunized rabbit.

Transmission electron microscopy
--------------------------------

For electron microscopy, infected FBM cells were detached from the petri dish using a rubber policeman. The cells were fixed with 2.5% glutaraldehyde in PBS, pelleted by centrifugation, post fixed with osmium tetroxide (1% in 0.1 M phosphate buffer, pH 7.4), dehydrated in graded ethanol, and embedded in LUVEAK-812 resin. Ultrathin sections were stained with uranyl acetate and lead citrate, and observed using a transmission electron microscope (H-7500, Hitachi High-Technologies Corp., Tokyo, Japan).

DNA extraction from infected cells and PBLs
-------------------------------------------

Infected cells were trypsinized and washed twice in PBS. Approximately 2 × 10^5^ cells that were resuspended in PBS were transferred to 1.5 m*l* microcentrifuge tubes, and centrifuged at 2,000 × g for 5 min. DNA was extracted from the cell pellet using DNeasy^®^ Blood & Tissue Kit (QIAGEN, Hilden, Germany) following the manufacturer's instructions. Subsequently, PBLs were collected from cow no. 43, which induced CPE on FBM cells by the procedure described in "Blood samples and virus isolation" above, and DNA was extracted directly from approximately 1 × 10^6^ cells and subjected to PCR.

Polymerase chain reaction
-------------------------

To amplify a region of the BFV *env* gene using nested PCR, we modified the method described by Materniak *et al.* \[[@r23]\]. PCR was performed using the GoTaq Green Master Mix (Promega, Madison, WI, U.S.A.). The sequences of the first PCR primers were P1 (5′-tggactctagtagtctcacc-3′) and P2 (5′-cttagaaagcgtggtaatggc-3′), and a 1,248-bp product was amplified. DNA was amplified using a thermal cycler (PCR Thermal Cycler Dice, Takara Bio Inc., Kusatsu, Japan,). The cycling conditions were as follows: one cycle of 95°C for 2 min; 35 cycles of denaturation (95°C, 30 sec), annealing (55°C, 30 sec) and extension (72°C, 80 sec); and one cycle of final extension (72°C, 7 min). For the second PCR, 1 *µl* of the first PCR product was reamplified using primers P3 (5′-tgtcattagaggacttcagg-3′) and P4 (5′-ttgattgtcctgctatctgg-3′), and a 915-bp product was amplified. The PCR products were electrophoresed in 2% agarose gels and stained using ethidium bromide. The amplicons were purified using The Wizard^®^ SV Gel and PCR Clean-Up System (Promega). BFV *env* gene sequences were analyzed using a BigDye Terminator v3.1 Cycle Sequencing Kit and an Applied Biosystems 3130 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, U.S.A.).

Phylogenetic analysis
---------------------

Multiple alignment and phylogenetic analysis were performed using Clustal W in MEGA6 software \[[@r27]\]. A phylogenetic tree based on the partial *env* nucleotide sequences was generated by the Maximum Likelihood method based on the Tamura--Nei model \[[@r26]\], enabling comparison of nucleic acids in the same codon position. The analysis was done using eight sequences registered in GenBank, which include three isolated BFV strains; strain 3026 (AY134750), Riems (JX307862), strain 100 (JX307861), simian foamy virus (SFV, NC001364), equine foamy virus (EFV, NC002201) and feline foamy virus (FFV, NC001871).

RESULTS {#s2}
=======

Virus isolation
---------------

FBM cells co-cultured with cattle PBLs were passaged thrice. After the second passage, FBM cells co-cultured with PBLs from cow no. 43 demonstrated CPE. These cells were stained with Giemsa and syncytia were observed ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Syncytium formed in FBM cells. FBM cells co-cultured with peripheral blood leukocytes from cow no. 43 were passaged twice and stained with Giemsa. Bar=100 *μ*m.). DNA extracted from these cells produced a positive result with BFV primers at the first PCR, but a negative result with primers for bovine leukemia virus, bovine immunodeficiency virus and sheep associated malignant catarrhal fever virus, even in nested PCR. FBM cells inoculated with other samples and materials showed no CPE after three passages. The isolate was temporarily named No. 43 and used in subsequent experiments. MDBK cells co-cultured with infected FBM cells also showed CPE and syncytia. BFV-infected FBM and MDBK cells were mixed at a ratio of 1:10 and cultured, and CPE was observed in more than 80% of the cells after 4--5 days. However, when FBM cells and MDBK cells were inoculated with cell-free supernatants from CPE-positive cells, neither developed CPE within 10 days of inoculation.

Transmission electron microscopy
--------------------------------

Viral particles were identified in the infected FBM cells. The virions were spherical, enveloped and 80--100 nm in diameter ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Transmission electron micrograph of viral particles of isolate No. 43 grown in FBM cells. Bar=500 nm.).

Env gene sequence of the isolated virus
---------------------------------------

FBM cells cultivated with PBL from cow no. 43 and which developed CPE yielded DNA that produced a band representing a 1,248 bp fragment in the first PCR and a 915 bp fragment in nested PCR. DNA extracted directly from PBLs from cow no. 43 formed a faint line in the first PCR and a clear positive line in nested PCR ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.PCR amplification of BFV *env* fragments. Genomic DNA was extracted directly from peripheral blood leukocytes (PBL) from cow no. 43 and FBM cells co-cultured with the PBL and passaged twice. Genomic DNA from the infected FBM cells (lane 2) yielded a 1,248-bp band in the first PCR. Both PBL (lane 1) and infected FBM cells yielded a 915-bp band, whereas DNA from uninfected FBM cells (lane 3) and autoclaved distilled water (lane 4) showed no amplification.). The partial *env* nucleotide sequences of both samples were identical and the isolated virus showed 98.9% homology when compared with the BFV reference strains (NC_001831) ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Multiple sequence alignment of the partial *env* gene sequences from BFV isolate No. 43 (Isolated from Japan) and other BFV strains. Nucleotide identity is indicated by dots.).

Phylogenetic analysis of viral env gene sequences
-------------------------------------------------

A phylogenetic analysis using the isolate's *env* sequence was performed to confirm its identity as BFV. The isolate's *env* sequence was compared with those of viruses that have been previously reported as BFVs. Isolate No. 43 was most similar to the BFV strain 3026 (AY134750) and BFV-reference (NC001831), which were isolated in China and U.S.A. respectively \[[@r11], [@r33]\] ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Phylogenetic analysis of the BFV isolate (registration No. LC36590) and four other BFV strains and three outgroup strains (EFV, SFV, and FFV). The phylogenetic tree was generated using *env* of previously reported BFVs.).

Distribution of seropositive cattle on the farm
-----------------------------------------------

Both BFV infected FBM cells and MDBK cells produced a clear precipitation line against the positive control serum in AGID tests when they were suspended in a small volume of PBS containing triton X-100 and sonicated. Because infected MDBK cells were easier to prepare, they were used as the antigen in AGID tests. Sera were collected from 57 cattle on the farm and tested for serum antibody against the isolate. Five cattle (8.8%) were found to be seropositive. The seroprevalence survey was extended to other ruminants on the farm, but no antibody-positive sera were detected among 12 goats and 6 sheep.

DISCUSSION {#s3}
==========

The virus isolated in this study, initially named isolate No. 43, was identified as a member of the genus *Spumavirus* in the family *Retroviridae* based on genomic analyses and electron microscopy. This is the first report of BFV isolation in Japan. BFV has been isolated in many countries, and seropositive cattle have been reported globally \[[@r3], [@r9], [@r13], [@r32]\], but not in Japan. One explanation may be that BFV has been of low interest to researchers because of its nonpathogenicity. BFV is highly cell-associated and only a small amount of cell-free virus is released from infected cells or tissues \[[@r14]\], thus making it difficult to isolate and culture. Since low infective titers of cell-free BFV are released into the culture medium *in vitro*, passage with virus-containing fluid is not effective \[[@r16]\]. Thus, there have been few opportunities for accidental BFV isolation during epidemiological surveys in the field.

The *env* sequence of isolate No. 43 was similar to previously described BFV *env* sequences in GenBank ([Fig. 4](#fig_004){ref-type="fig"}). However, following detailed analysis, isolate No. 43 was found to be most similar to the BFV isolate from China and BFV-reference from U.S.A. \[[@r11], [@r32]\] ([Fig. 5](#fig_005){ref-type="fig"}). BFV strains endemic to Asia may differ from those endemic to Europe, though the genomic differences between them are fewer. BFVs are globally distributed; however, it would be possible to classify the strains in each local region.

The route of natural infection by BFV is poorly understood. BFV persistently infects susceptible animals with an extended period of viremia, and infectious viruses may be excreted from infected animals. Therefore, BFV infection seems to occur by various routes and become prevalent among animals. However, only five of 57 (8.8%) cattle in our study were found to be seropositive for BFV; this number is lower than the previously observed seroprevalence of bovine leukemia virus (BLV) in cattle (31.6%), though both viruses have similar biological properties. BFV infection has been experimentally established by various routes \[[@r31]\], but infection is inconsistently established even if cell culture-derived virus is inoculated via intravenous and vaginal routes or via throat spray \[[@r14]\]. It is presumed that the spread of BFV infection is associated with intimate contact between cattle, and the source of infection is saliva from immunologically tolerant animals \[[@r14], [@r16]\]. A positive clear reaction was barely observed in the nested PCR from DNA extracted from the PBL of cow no. 43 from which viruses had been isolated and which had BFV antibodies. It is probable that immunologically tolerant cows are not present on the farm, and the absence of such cattle appears to be the cause of the low percentage of infected cattle.

Cattle are considered to be the natural host of BFV. However, sheep can be experimentally infected with BFV, and a foamy virus has been isolated from sheep that appear to have been naturally infected \[[@r5], [@r23]\]. Therefore, we collected and examined sera from sheep and goats on the farm where BFV was isolated, and further sera from 60 sheep on other farms in the Kanto district were examined; however, they were all found to be antibody negative. Although the AGID test is less sensitive for antibody detection than ELISA or the virus neutralization test, it is possible to make a practical diagnosis if weak positive reactions are correctly detected based on experience. Therefore, natural infection of BFV in sheep was not prevalent.

Because the pathogenicity of BFV is unknown, it is difficult to indicate the treatment of infected cattle from the point of view of animal hygiene. However, as BFV is integrated in the genes of host cells and that infection persists, infected animals would be affected to some degree. Cattle-derived substances are used in various biological products. Fetal bovine sera are used for cell cultures that may then become contaminated with BFV \[[@r8], [@r30]\]. Therefore, the numbers of BFV-infected cattle should be reduced, and the serological tests used in this study would be effective in detecting seropositive animals. Moreover, since the pathogenicity of BFV is very low, there is a possibility that it may be useful as a nonpathogenic vector in gene recombination techniques \[[@r20], [@r29]\].
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